The sex-ratio trait has been described as the production of progenies with excess of females due to X-linked meiotic drive in the parental males. This trait has a variable expression in Drosophila niediopunctata. We describe here the existence and chromosomal localization of autosomal suppressors of sex-ratio in this species. There are at least four such genes (one on each major autosome) and the strongest effect is localized on chromosome IV. These genes possibly result from the operation of 'Fisher's Principle'; a mechanism of Natural Selection leading to a 1:1 sex ratio.
Introduction
In several Drosophila species there is a trait known as 'sex-ratio' in which males carrying certain X chromosomes (generally called 'SR' and usually associated with chromosome inversions) produce progenies with a large excess of females (Gershenson, 1928; James & Jaenike, 1990) . For the two species investigated in this respect, the lack of males is caused by degeneration of Y-bearing spermatids during spermiogenesis (Policansky & Ellison, 1970; Hauschteck-Jungen & Maurer, 1976) . Sex-ratio is thus a special case of meiotic drive which affects the sex chromosomes.
In theory, as a meiotically driven chromosome, SR tends to become fixed and this might cause population extinction due to the absence of males (Gershenson, 1928; Hamilton, 1967) . However, stable SR polymorphisms are found in natural populations. Several factors appear to be involved in the stabilization of these polymorphisms, including natural selection against SR and modifier genes that suppress or attenuate the meiotic drive (Wallace, 1948; Beckenbach, 1991; Stalker, 1961) .
Suppressor genes are expected on the Y chromosome because any Y-linked gene that increases its transmission rate will spread, unless associated with a large fertility loss (Thomsom & Feldman, 1975 (Stalker, 1961) , D. affinis (Voelker, 1972) and D. mediopunctata (Carvalho, 1989; Carvalho & Klaczko, 1992, unpublished data) .
Autosomal suppressors are expected to evolve in response to the spread of SR due to 'Fisher's Principle' (Fisher, 1930) . In any sexually reproducing population, half of the genes come from each sex, irrespective of its rarity. If there is a rare sex such as males in SR bearing populations, it will be effectively more fertile as a result of a greater per capita contribution to the next generation. Consequently alleles directing the reproduction to this rare sex (as autosomal suppressors of SR do) will spread until the sex proportions are in equilibrium.
Fisher's Principle is the most accepted explanation for the equivalence of sexual proportions but there is only one demonstration of its operation: a laboratory experiment with a fish (Conover & Voorhees, 1990) . Autosomal suppressors of sex-ratio may provide another system to study the evolution of sexual proportion, perhaps in nature. Their existence was suggested in D. parainelanica (Stalker, 1961) but a search for them in natural populations of D. pseudoobscura was unsuccessful (Policansky & Dempsey, 1978; Beckenbach et al., 1982) . More recently Cobbs (1986 Cobbs ( , 1987 and Cobbs et al. (1991) described modifiers of sexratio in one strain of D. pseudoobscura but, given the invariable sterility of the sons of SR/Y males in this species, these genes cannot be considered 'Fisherian suppressors'.
In D. mediopunctata the sex-ratio trait is associated with the X: 21 gene arrangement and there is a large variation in its expression, caused by genetic and environmental factors. The sons of SR fathers are almost always fertile, whether they come from progenies containing 50 per cent or a low percentage of males (Carvaiho et al., 1989; Carvalho & Klaczko, 1992, unpublished data) . We now report the existence and chromosomal localization of autosomal suppressors of sex-ratio in this species.
Materials and methods
Strains used in the genetic analysis ITA -24-P. A laboratory reference strain with good productivity.
S-50. Homokaryotypic for the X:2 1 gene arrangement and routinely produces 50 per cent male progeny. It was obtained by five generations of directional selection for '50 per cent males in progeny' applied through brother-sister matings and has been maintained in mass culture since 1988. The suppression of sex-ratio expression in S-SO males appears to be total and their progenies are indistinguishable from those of ST/Y males both in the mean sexual proportion and in the absence of extra binomial variance. The X: 21 chromosome of S-SO is functional: its introgression in the ITA-24-P autosomal background (by two backcrosses to this strain) restores sex-ratio expression (Carvaiho, 1989; Carvalho & Klaczko, 1992 , unpublished data).
NA. Homokaryotypic for the X:ST gene arrangement and carrying visible markers on all autosomes of D. mediopunctata except the dot (chromosome VI): Delta (Dl, dominant, chromosome II), Impar (Im, dominant, III), coral (cr, recessive, IV) and alfinete (al, recessive, V); (Marques et al., 1991, unpublished data) . The strain is heterozygous for Dl and Im owing to their recessive lethality.
NB. Homokaryotypic for X:21 and homozygous for coral and alfinete. Preliminary crosses on NB and NA showed that these strains are free from autosomal suppressors of sex-ratio. A cross between showed that their polytene SR chromosomes are homosequential (these chromosomes were derived from unrelated strains).
suppressors of S-50 by crossing it with a strain with one visible marker on each chromosome. We controlled male age because this variable affects sex-ratio expression in D. mediopunctata (Carvalho & Klaczko, 1992) .
The general plan of the experiment is depicted in Fig. 1 . From the cross between 5-50 males and NA females we collected F1 males with the Delta Impar phenotype and crossed them with NB females. These two crosses were made en massae, with at least 30 pairs. Every 4 days we collected and sorted the 16 different F2 males (ranging from wild-type to tetramutants) produced by the later cross. All these F2 males were 21 /Y and carried different combinations of autosomes derived from S-SO and from marker strains (see also Table 1 , first column). To measure their level of sex-ratio expression, 13-day-old F2 males were crossed for 6 days with females (ITA-24-P strain) using 10 pairs per bottle. After this time flies were transferred to new bottles to oviposit for 6 days before finally being discarded.
To reduce competition we added liquid ferment to the cultures regularly and the progenies produced were sexed and counted until bottle exhaustion. We made several replicates for each of the 16 genotypes and considered only those cultures producing at least 100 flies.
As a control, we tested 21/Y males from the S-SO strain with the same experimental procedures.
Localization of the suppressors with individual crosses (experiment II)
To characterize the between male-within genotype variation we essentially repeated the experiment described above, making the last cross with one 21 /Y male and three or four ITA-24-P females. Oviposition time was extended to 15 days and only 10 of the 16 genotypes were tested, the six double mutants being discarded. We made between 24 and 30 replicas for each of the 10 genotypes. Only cultures producing 20 or more flies were considered.
Flies were reared in half-pint bottles with trimeveledon medium (Carvalho et at., 1989) at 16.5°C.
Results
Experiment I Localization of the suppressors with crosses in mass (experiment I) As usual in the genus Drosophila, there is no crossing over in D. mediopunctata males (H. Marques, personal communication) . This permits the localization of the Table 1 (experiment I) presents the averages of the percentage of males produced by each of the 16 genotypes. These data were analysed with a four-way ANOVA, using chromosomes II, III, IV and V as factors and the angular transformation of proportion of Table 2 : the main effect of chromosomes II, IV and V was very significant whereas chromosome III had a non-significant effect.
Most of the two-factor interactions were also significant at the 0.05 level; interaction between chromosomes II and IV was very significant. We estimated the mean effect of chromosome II by averaging all genotypes containing Delta and subtracting this from the mean of those that received the S-SO s second chromosome (wild-type). The effect of the other chromosomes was estimated similarly and, as shown in Table 3 (experiment I), chromosome IV had by far the strongest effect: two times greater than the remaining genome.
Experiment II The distribution of progenies of individual 21 /Y males belonging to the 10 tested genotypes is shown in Fig. 2 and the corresponding means are in Table 1 (experiment II). As in experiment I we applied a four-way ANOVA but, given the lack of data from double mutants, interactions between chromosomes cannot be tested. The effect of all four chromosomes was significant (P< 0.05 for II; all others below 0.002); their estimates are in Table 3 (experiment II) and were obtained as described above. Chromosome IV again had the greatest effect and this time the 'reverse' effect of III was more evident. This means that chromosome III of the S-SO strain is a weaker suppressor than its homologue from the marker strain.
In all genotypes there was extra binomial variance, as the heterogeneity G-test always indicated very significant departures from homogeneity (data not shown). 
Discussion
Our results demonstrate for the first time the existence of autosomal suppressors compatible with the operation of 'Fisher's Principle' in a species with a SR chromosome. The genetic system we describe is composed of at least four genes (one or more on each major autosome), with expression in the heterozygous state (our experimental design cannot detect recessive suppressors) and strong interactions between them.
Chromosome IV had by far the strongest effect.
The interaction between chromosomes deserves some comments. As it is possible that they represent mere scale effects (Falconer, 1989) , we tried several transformations, including logarithmic, untransformed proportion of males and probit, the most biologically sound scale for meiotic drive (Mikios & Smith-White, 1971 ). In all cases many interactions remained significant (data not shown). Even if the interactions are scale artefacts in the sense that in the physiologically appropriate scale they will disappear, they are real for the operation of natural selection via Fisher's Principle. This occurs because in a population with unequal sex proportions the fitness of an individual is a linear function of the (untransformed) proportion of males produced in the progeny (Bodmer & Edwards, 1960; Eshel, 1975) . So, in the evolution of sexual proportion in D. mediopunctata there will exist at least some genetic interaction variance, which does not respond to selection. Experiment II showed that there was variation in sex-ratio expression between males sharing the same chromosomal genotype. This extra binomial variance (which was almost never observed in ST/Y males; Carvalho et al., 1989) may be caused by environmental factors such as density, minor temperature or age variation or by residual genetic variation, as the segregation of the dot chromosome (VI) was not followed and neither S-50 nor the marker strains are isogenic. These same factors (plus the differences in experimental design) may be responsible for the small discrepancies between experiments I and II (see Tables   1,3) .
As usual in genetic analysis, some caution is necessary concerning the generality of our results. The major effect of chromosome IV and the interactions and dominance relations we found are strictly valid only for the strains and experimental conditions we used. In fact S-50 is totally dominant in crosses with a strain selected for 20 per cent males (data not shown).
The occurrence of autosomal suppressors has implications for the evolution of the sex-ratio system in D. mediopunctata. Assuming that the X:21 polymorphism in this species results from an equilibrium between meiotic drive and natural selection (as occurs in D. pseudoobscura: Wallace, 1948; Curtsinger, 1991) , these suppressors probably contribute to stabilize the frequency of X:21 at its present level (10 per cent; see Carvalho et al., 1989) because they reduce the meiotic drive advantage of this chromosome.
Our results demonstrate the existence of autosomal suppressors compatible with the operation of Fisher's Principle in D. mediopunctata. The study of populations in the laboratory may show if they can indeed respond (as expected) to this kind of selection whereas field studies (for example, the geographical distribution of suppressors and X:21 chromosomes) may, perhaps, indicate if this process has been operating in natural populations of D. mediopunctata. We are now trying to answer both questions.
